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ABSTRACT
This study presents the rotational distribution of red giant stars (RGs) in eleven old to intermediate
age open clusters. The masses of these stars are all above the Kraft break, so that they lose negligible
amounts of their birth angular momentum (AM) during the main sequence evolution. However, they
do span a mass range with quite different AM distributions imparted during formation, with the stars
less massive than ∼ 1.6M⊙ arriving on the main sequence with lower rotation rates than the more
massive stars. The majority of RGs in this study are slow rotators across the entire red giant branch
regardless of mass, supporting the picture that intermediate mass stars rapidly spin down when they
evolve off the main sequence and develop convection zones capable of driving a magnetic dynamo.
Nevertheless, a small fraction of RGs in open clusters show some level of enhanced rotation, and faster
rotators are as common in these clusters as in the field red giant population. Most of these enhanced
rotators appear to be red clump stars, which is also true of the underlying stellar sample, while others
are clearly RGs that are above or below the clump. In addition to rotational velocities, the radial
velocities and membership probabilities of individual stars are also presented. Cluster heliocentric
radial velocities for NGC 6005 and Pismis 18 are reported for the first time.
Subject headings: open clusters and associations: general — stars: evolution — stars: late-type —
stars: rotation
1. INTRODUCTION
Studies of rotation and angular momentum (AM) evo-
lution are becoming increasingly more sophisticated with
the growth of large observational datasets of stellar sur-
face rotation probed by both spectroscopic rotational
velocities and photometric rotational periods. Addi-
tionally, the exquisite photometric data from CoRot
(Auvergne et al. 2009) and Kepler (Borucki et al. 2010)
has enabled the first large scale studies of the interior
rotation of stars other than the Sun. Such internal stud-
ies of red giants (RGs) have clearly revealed differential
rotation that changes over time. Deheuvels et al. (2012)
demonstrated that the cores of RGs rotate more rapidly
than the surface, and Mosser et al. (2012) found that
this core rotation slows significantly sometime during the
late stages of the first ascent red giant branch (RGB)
evolution. These new observations challenge our under-
standing of AM transport. Eggenberger et al. (2012) and
Ceillier et al. (2012) have shown that the physical mech-
anisms of transporting AM currently invoked in models
(e.g., meridional circulation, shear mixing) are insuffi-
cient to explain the observed profiles.
Understanding the evolution of AM within a star
throughout its life may help shine light on the unusu-
ally fast surface rotation that is sometimes found for ap-
parently isolated RGs. In the context of RGs, “fast”
rotation can refer to surface rotations as low as 4 or
5 km s−1, because the combination of AM shedding and
a growing moment of inertia slows most RGs rotation
to projected rotational velocities (v sin i) . 2 km s−1
(de Medeiros et al. 1996). The fast rotators are rela-
tively rare, found only among a few percent of the field
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red giant population (e.g., Fekel & Balachandran 1993,
Massarotti et al. 2008, and Carlberg et al. 2011). The
origin of this unusually high surface rotation is still a
matter of debate, in part because some relevant funda-
mental properties of field RGs are difficult to measure, es-
pecially masses. This is because different stages of evolu-
tion for different masses can overlap in the Hertzsprung-
Russell (HR) diagram both for the same metallicity and
over a range of metallicities. These uncertainties are
compounded by the fact that errors in spectroscopically-
determined parameters (such as [Fe/H]) grow as the stel-
lar absorption lines become more rotationally broadened.
Knowing the stellar mass is important because of the
very different rotation evolution followed by stars of dif-
ferent masses. Stars more massive than ∼1.3 M⊙ re-
tain the majority of their birth AM throughout their
main sequence (MS) lifetimes, resulting in both large av-
erage rotational velocities and a large dispersion in ro-
tational velocities (e.g., Kraft 1967, Royer et al. 2007).
Even within this intermediate mass regime, different ro-
tational velocities are found. Gray (1982) inferred from
the distribution of rotation with mass that the stellar
AM (J) followed a power law with mass (M ∝ J5/3),
with a break to a steeper power law below 1.6 M⊙.
Wolff & Simon (1997) demonstrated that the lower spe-
cific AM seen at 1.3–1.6M⊙ was mostly imparted during
the pre-MS stages, but also noted that some slow loss of
AM might occur during the MS. Conversely, stars less
massive than ∼ 1.3 M⊙ rapidly spin down, eventually
erasing all information on their birth AM and allowing
the field of gyrochronology to use measured rotation as a
proxy for age on the MS (e.g., Barnes 2003, Barnes 2007,
Chaname´ & Ramı´rez 2012).
Given the larger AM seen in more massive MS stars,
it seems logical to assume that the field population of
fast RG stars are simply the most massive stars. One
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way of testing this assumption would be to measure the
rotation of subgiant stars crossing the Hertzsprung gap,
which would provide a direct measure of the spin-down
from the MS to the base of the RGB. However, these stars
are relatively rare. To study a population of RGs with
well-constrained masses, open cluster stars are needed.
To date, little attention has been paid to the distribu-
tion of v sin i of RGs in open clusters. Therefore, in this
study over 400 red giant candidate members of eleven
open clusters were chosen to probe the rotation distribu-
tion in open clusters (Section 2). High resolution spec-
tra were obtained for these candidates (Section 3), from
which heliocentric radial velocities (vhelio) and v sin i are
measured (Section 4). The vhelio distributions are used
to define the cluster’s vhelio and identify likely members
(Section 5). The rotation distributions are analyzed with
respect to both stellar masses and current evolutionary
stages (Section 6), and potential explanations for the
fastest rotators are explored (Section 7). Finally, the
main results and conclusions of the study are summa-
rized (Section 8).
2. CLUSTER AND RED GIANT SELECTION
The open cluster sample comprises the oldest, most
nearby open clusters accessible in the Southern Hemi-
sphere with the largest populations of RGs. We com-
piled the sample by querying the WEBDA database2
with the following criteria, (1) δ < +15◦, (2) age >0.7
Gyr, (3) distance modulus < 14, and (4) requiring ei-
ther a list of red giant candidates or color-magnitude
diagrams (CMDs) for which the RGB or red clump (RC)
was clearly present. The age constraint selects red giant
masses less than ∼ 2.2 M⊙.
Table 1 lists the eleven clusters selected for this study,
along with the clusters’ age, distance modulus, metal-
licity, reddening, literature source, and estimated RG
mass. Each cluster has at least one entry showing the
cluster properties available in the WEBDA database.
Additional entries are given for clusters with multiple
measurements in the literature. To maintain consistency
with the original sources, the reported distance moduli
that have already been corrected for extinction effects are
enclosed in “()0” to distinguish them from distance mod-
uli without such corrections. The RG mass in the last
column comes from the Marigo et al. (2008) isochrones
matching the cluster properties. It refers to the initial
mass of the RG in the isochrone that has just begun
the core Helium burning stage (labeled “BHeb” in the
isochrones). Cluster metallicities are generally given as
[Fe/H], while the isochrones use metal mass fractions,
Z. Conversions between the two come from Equations
10–11 in Bertelli et al. (1994). Some clusters have a sig-
nificant variation in their reported properties. For exam-
ple, Salaris et al. (2004) reports that NGC 2660 is much
younger and more metal-poor than WEBDA. The choice
of adopted cluster properties for this work are detailed
in the individual cluster sections below. The age, metal-
licity, and estimated RG mass for the eleven clusters in
our study are displayed in Figure 1. NGC 6005 has no
metallicity reported in the literature, and we adopt solar
metallicity for convenience. As such, its age, metallicity,
and RG mass are identical to that of Pismis 18.
2 Available online at: http://www.univie.ac.at/webda/.
Fig. 1.— Stellar ages and estimated RG masses of the open
clusters in this study. The color scale gives the [Fe/H]. Masses
come from Marigo et al. (2008) isochrones. NGC 6005 and Pismis
18 share a point in this plot at log age = 9.07, [Fe/H]=0, and
M⋆ = 1.97 M⊙. (A color version of this figure is available in the
online journal.)
For each individual cluster, we compiled photomet-
ric data, positions, membership probabilities, etc. from
WEBDA. The amount of available data varied for each
cluster; therefore, we address them individually below.
In general, we tried to select red giant stars photomet-
rically and from the lists of red giant candidates in the
cluster. Top priority for observing was given to stars that
appeared both in the WEBDA RG list and in our photo-
metric giant list. We vetted these lists by looking at clus-
ter membership probabilities, previously known v sin i,
and comparing radial velocities (RVs) to the accepted
cluster velocities. We also eliminated spectroscopic bina-
ries with periods shorter than ∼20 days, whose rotations
may have been affected by tidal interactions. For three
of the more nearby clusters, we also targeted some of the
subgiant (SG) stars to probe the rotation rate before the
stars reach the base of the red giant branch.
2.1. Collinder 110
Using the Bragaglia & Tosi (2003) photometric cata-
log, we selected RG and SG candidates with a mag-
nitude cut of V < 15.2 (for both samples) and color
cuts of B − V ≥ 1.2 and 0.98 ≤ B − V < 1.2, respec-
tively. The list of RG candidates in WEBDA includes
71 stars, and this list contains all six of the photomet-
ric SGs and 41 of the 45 photometric RG candidates.
All of the photometric candidates were observed with
the exception of a single SG candidate. The observed
stars are listed in Table 2, adopting the number sys-
tem of Dawson & Ianna (1998). Table 2 lists the stars’
coordinates, V magnitudes, date of observation, expo-
sure times, and instrument used. The adopted clus-
ter age comes from WEBDA, which is originally from
Dawson & Ianna (1998). The adopted reddening and
distance modulus come from Bragaglia & Tosi (2003),
while the [Fe/H] comes from Pancino et al. (2010).
2.2. Melotte 66
Melotte 66 is a rich cluster that was observed over two
different runs. We photometrically identified over 200
Rotation of Open Cluster Giants 3
TABLE 1
Literature Properties of Studied Open Clusters
Cluster Name Age m−Ma [Fe/H] E(B − V ) Reference MRGB
(Gyr) (mag) (dex) (M⊙)
Collinder 110 1.41c 13.00 · · · 0.5 (1) 1.9c
· · · · · · +0.03c · · · (5) 1.9
1.1–1.5 (11.8c to 11.9)0 0.00b 0.4c (10) · · ·
Melotte 66 2.79c 13.62 −0.35c 0.143 (1) 1.4c
5.33 · · · −0.38 · · · (2) 1.2
M67 2.56 9.97 · · · 0.059 (1) 1.5
4.3c (9.60c±0.09)0 0.02c 0.04c (2) 1.3c
NGC 2477 0.70 11.30 +0.01 0.279 (1) 2.4
1.00
c
11.45c±0.08 0.00
c
0.23c (2) 2.1c
1.00 (10.5)0 0.00 0.22–0.3 (7) 2.1
NGC 2506 1.11 12.95 −0.37 0.081 (1) 1.9
1.99
c
12.65c Z=0.008
c
0.04c (3) 1.6c
2.14 · · · −0.42 · · · (2) 1.5
NGC 2660 1.08c 13.23 −0.18c 0.313 (1) 2.0c
0.73 · · · −0.55 · · · (2) 2.2
NGC 6005 1.20 13.54 0.00b 0.45 (1) 1.9
NGC 6134 0.93c 11.03c +0.18c 0.395c (1) 2.2c
0.82–0.95 (10.5)0 +0.15b 0.35 (8) ∼2.2
NGC 6253 5.01 11.51 +0.36d 0.20 (1) 1.3
3.5c (11.15c)0 Z=0.03 0.25c (9) 1.4c
Pismis 18 1.20c 13.3 · · · 0.50 (1) 1.9c
· · · · · · 0.00c · · · (6) 1.9
Ruprecht 147 2.45c 6.68 · · · 0.15c (1) 1.6
2.5 7.35c +0.08c 0.25 (4) 1.5c
References. — (1) WEBDA, (2) Salaris et al. 2004, (3) Mermilliod & Mayor 2007, (4) Curtis et al. 2013, (5) Pancino et al. 2010, (6) Piatti et al.
1998, (7) Eigenbrod et al. (2004), (8) Ahumada et al. 2013, (9) Montalto et al. 2009, (10) Bragaglia & Tosi 2003
a Values enclosed in parenthesis denote that the distance modulus has been corrected for extinction.
b Adopted but not derived in the literature study.
c Adopted in this paper.
d This value is adopted for the cluster, but all isochrone-derived values are based on Z = 0.03 ([Fe/H]∼ +0.18), the most metal-rich isochrone
available.
TABLE 2
Observed Red Giant Candidates
Cluster Star Number RA DEC V DATE-OBS texp Instrument
(hh:mm:ss) (dd:mm:ss) (mag) YYYY-MM-DD (s)
Collinder110 1103 06:38:39.61 +02:05:49.51 15.0 2012-02-05 280 MIKE
Collinder110 1120 06:38:45.90 +02:05:59.83 14.0 2012-02-05 120 MIKE
Collinder110 1122 06:38:49.18 +02:06:31.15 13.7 2012-02-05 90 MIKE
Collinder110 1128 06:38:50.12 +02:05:45.95 15.1 2012-02-05 500 MIKE
Collinder110 1134 06:38:44.96 +02:04:23.66 13.7 2012-02-05 90 MIKE
Collinder110 1135 06:38:46.22 +02:04:31.32 14.6 2012-02-05 200 MIKE
Collinder110 1136 06:38:41.69 +02:03:51.70 14.9 2012-02-05 260 MIKE
Table 2 is published in its entirety in the electronic edition of AJ, A portion is shown here for guidance regarding
its form and content.
RG candidate stars using the Zloczewski et al. (2007)
photometric catalog. The selection criteria were V ≤
17.0 and 0.9 ≤ V − Ic ≤ 2.0. Because of the num-
ber of red giant stars and the distance to this cluster,
we did not identify any subgiant candidates. WEBDA
provides a list of 245 RG candidates. The only coordi-
nates found in WEBDA are J1950.0 equinox, and we
precessed these to J2000.0 coordinates using the IDL
routine jprecess in “The Astronomy User’s Library”3.
These coordinates were cross-referenced with the Fourth
United States Naval Observatory CCD Astrograph Cat-
alog (UCAC4, Zacharias et al. 2013), and the J2000.0
UCAC4 coordinates are provided in Table 2. All coordi-
nate matches were within 4′′ of those calculated from the
3 http://idlastro.gsfc.nasa.gov/
precessed coordinates. In February 2012, we observed
76 stars: 66 WEBDA and CMD-identified candidates,
9 identified by CMD only, and 1 WEBDA-identified
only. An additional 17 stars (both WEBDA and CMD-
identified) were observed in May 2012. The numbering
system for Melotte 66 follows Kassis et al. (1997).
Table 1 lists two sources of cluster properties: WEBDA
and Salaris et al. (2004). Similar metallicities are found
for both, but the ages differ by almost a factor of two.
The WEBDA values are adopted because Salaris et al.
(2004) do not provide self-consistently derived reddening
or distance modulus. More recently, Sestito et al. (2008)
derived [Fe/H]∼ −0.33 from high signal-to-noise (S/N)
observations of 5 red giant members.
2.3. M67
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M67 is the most well-studied cluster in our sample
with numerous photometric catalogs available. It is also
the only cluster for which spectroscopic v sin i measure-
ments are available in WEBDA for any of the RGs. An
initial selection of RGs and subgiants was made with
the following cuts on the V versus V − Ic photomet-
ric data from Montgomery et al. (1993): RG candidates
have V < 12.5 and V − Ic > 0.95, and SG candidates
have V − Ic > 0.75 and 13.1 < V ≤ 12.5. Excluded from
this initial target list are stars with membership proba-
bilities < 50% (Sanders 1977) and known spectroscopic
binaries with P < 20 days. Finally, we also excluded
stars that had previously determined v sin i measure-
ments. These v sin imeasurements come fromMelo et al.
(2001) and Canto Martins et al. (2011), and all of these
have v sin i< 3.5 km s−1. The list of the 30 observed tar-
gets are given in Table 2. The adopted star numbering
system comes from Fagerholm (1906). A few of the stars
we observed are known spectroscopic binaries, including
stars 137, 236, and 240. An additional binary candidate
is 136 (Pasquini et al. 2012, S1072 in that paper).
Despite how well studied M67 is, its reported age still
varies by a factor of two in the literature. WEBDA gives
an age of 2.56 Gyr, while Salaris et al. (2004) gives an
age of 4.3 Gyr. Both of these values are listed in Ta-
ble 1. Canto Martins et al. (2011) notes that age es-
timates often range from 3.5–4.5 Gyr. A more recent
study by Pasquini et al. (2012) plotted older isochrones
to a binary-cleaned sample of members and noted that
while an age of ∼ 4 Gyr is a reasonably good match,
many stars still sit above the main sequence. Following
the more recent studies, the older age from Salaris et al.
(2004) is adopted for M67 in this work.
2.4. NGC 2477
WEBDA provides a list of 86 red giant candidates
for this cluster. Using the photometry of Kassis et al.
(1997), 83 RG candidates were identified by selecting
V < 13.0 and V − Ic ≥ 1.0, and 19 subgiant star candi-
dates were identified with V < 13.0 and 0.75 ≤ V − Ic <
1.0. There are 71 RG candidates in common between
the WEBDA list and the photometric selection. The 77
stars successfully observed in this cluster have the fol-
lowing break down in selection: 64 are both WEBDA
and photometric RG candidates, 9 are only photomet-
ric RG candidates, 3 are WEBDA-only identified can-
didates, and 1 is a subgiant. These stars are listed in
Table 2 using the Hartwick & Hesser (1974) numbering
system. There are 12 known spectroscopic binaries in
our observed sample, most of which have periods longer
than a few hundred days (Eigenbrod et al. 2004).
WEBDA lists an age of 0.7 Gyr, but more recent
studies tend to use 1 Gyr (e.g., Eigenbrod et al. 2004,
Bragaglia et al. 2008, and Salaris et al. 2004). Table
1 lists properties from both WEBDA and Salaris et al.
(2004), the latter of which is adopted in this work.
2.5. NGC 2506
There are 46 RGs listed in WEBDA. We removed six
stars that had no J2000.0 coordinates available, eleven
stars with unknown or low proper motion membership
probabilities (≤ 30%, Chiu & van Altena 1981), and
one star (3271) that that had a mean vhelio inconsis-
tent with the cluster velocity (Minniti 1995). The ob-
served stars listed in Table 2 have photometry from
McClure et al. (1981), which also defines the numbering
system. We applied no photometric cuts. In Table 1,
three sources of cluster properties are listed: WEBDA,
Salaris et al. (2004), and Mermilliod & Mayor (2007).
All three give rather consistent ages and [Fe/H]. The
Mermilliod & Mayor (2007) values are adopted because
the distance and reddening are slightly better matched
to the McClure et al. (1981) photometry.
2.6. NGC 2660
For NGC 2660, we used the list of red giant can-
didates from WEBDA, which lists 39 stars. Thirty
of these candidates have photometry available in the
Sandrelli et al. (1999) sample, but two candidates were
removed because their colors put them on the main se-
quence turn-off. We observed the remaining 28 candi-
dates that have Sandrelli et al. (1999) photometry. One
of the stars in the red giant list, star 660, has V = 11.1 in
Hartwick & Hesser (1973, which is 1248 in that study),
but the coordinates in Sandrelli et al. (1999) point to a
fainter V = 15.4 mag star. A brighter star just south
of 660, which turned out to be 661 at V = 10.6, was
observed instead.
The adopted cluster parameters are those given in
WEBDA, but it is worth nothing that Salaris et al.
(2004) finds this cluster to be younger and more metal
poor. Both sets of cluster properties are given in Table
1.
2.7. NGC 6005
There is relatively little data on this cluster, with
most of the measurements in WEBDA coming from the
study by Piatti et al. (1998), whose numbering system is
adopted here. A list of 19 RGs is available on WEBDA,
which appears to be consistent with photometric cuts on
the Piatti et al. (1998) data of V . 15 and B − V & 1.
The cluster properties in Table 1 are all from WEBDA.
No metallicity has been reported for this cluster in the lit-
erature, and solar metallicity is adopted for convenience.
All 19 candidates were observed and are given in Table
2.
2.8. NGC 6134
The list of 25 RGs on WEBDA appears to be the
same as that of Table 4 of Claria & Mermilliod (1992),
who used photometry cuts of V < 12.6 and B −
V > 1.00 to identify RGs, plus one additional RG
(27). The numbering system is based on Lindoff (1972)
and extended by Claria & Mermilliod (1992). However,
Claria & Mermilliod (1992) describe star 28 and 136
as “definite non-members” and 205 as a probable non-
member; these three stars are excluded from our sample.
Star 27 has B − V = 0.94 in the Lindoff (1972) study,
but Kjeldsen & Frandsen (1991) found a B−V = 0.985,
much closer to the Claria & Mermilliod (1992) RG cut.
The latter describe 27 as a possible composite binary.
Ahumada et al. (2013) has a relatively new photomet-
ric study of this cluster, and they re-derived cluster pa-
rameters. They note that despite knowing reddening
and [Fe/H], they still cannot obtain unique age and dis-
tance measurements. Their best values match the values
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available in WEBDA, and both are listed in Table 1.
We adopt the WEBDA values simply because it pro-
vides a single age instead of a range. Unfortunately,
Ahumada et al. (2013) do not identify individual stars
so we cannot update our photometric cuts.
2.9. NGC 6253
Photometric RG candidates were selected using the
Montalto et al. (2009) B and V band photometry and
the criteria that 12 < V ≤ 15 and 1 ≤ B−V < 1.35. This
color-magnitude cut yielded 31 candidates. There are 44
red giant candidates listed on WEBDA, 23 of which over-
lapped our photometric candidates. Of the remaining
21 giants in the WEBDA list, 5 had very low member-
ship probabilities (≤ 5%, Montalto et al. 2009) and were
not observed. We reviewed the B − V photometry from
Bragaglia et al. (1997) and found that an additional four
candidate giants in the WEBDA list did not satisfy our
B − V color requirements. The remaining 12 candidates
were added to the observing list. Positions are provided
in Bragaglia et al. (1997). We observed all 43 top priority
candidates. The numbering system adopted by WEBDA
is that of Bragaglia et al. (1997), which then increments
sequentially for objects introduced in later studies.
2.10. Pismis 18
This cluster was also studied by Piatti et al. (1998),
and we again adopt their numbering system. No red
giant list is provided in WEBDA, so we selected giants
with color-magnitude cuts of 1.4 ≤ B − V ≤ 2.1 and
V ≤ 15, yielding the 16 giants listed in Table 2. The
cluster properties in Table 1 are all from WEBDA, which
appear to have come from Piatti et al. (1998).
2.11. Ruprecht 147
Ruprecht 147 is a cluster that was recently well stud-
ied by Curtis et al. (2013). They identify eleven stars
as RG stars in the g′ versus g′ − i′ CMD, which were
targeted in this study. The RG stars successfully ob-
served are CWWID #’s 1, 2, 6, 9, 11, 15 and 19,
(Curtis et al. 2013) as well as CWWID 7 (accidentally
added to the list, but it had the right 2MASS colors for
an RG star). In this study, the numbering system comes
from Kharchenko et al. (2005). In this system, CWWID
#1, 2, 6, 7, 9, 11, 15, and 19 are #247, 448, 420, 545,
119, 511, 388, and 319, respectively. These targets are
given in Table 2. We adopted the age and reddening
from WEBDA and the distance modulus and metallicity
from Curtis et al. (2013).
3. OBSERVATIONS AND DATA REDUCTION
To be sensitive to low v sin i, this project requires the
high spectral resolution of an echelle spectrograph. Such
instruments generally span the entire optical spectrum,
and the numerous lines available allow observations at
very modest S/N per pixel. We aimed for only S/N∼10
per pixel. All of the stars listed in Table 2 were observed
over three runs with two telescope-instrument combina-
tions at Las Campanas Observatory in 2012. During
three nights (beginning Jan. 28, 29, and 30) on the Ire´ne´e
du Pont telescope, all targets in M 67 and NGC 2477
were observed with the echelle spectrograph. During
two nights (beginning Feb. 4 and 5) on the Clay tele-
scope, all stars in Collinder 110 and most of the stars in
Melotte 66 were observed with the Magellan Inamori Ky-
ocera Echelle (MIKE) spectrograph. Over another three
nights (beginning May 7, 8, 9), the remaining stars in
Mel 66 and all of the stars in the remaining clusters were
observed with MIKE. In addition to the cluster targets,
both radial velocity standard stars and stars with known
v sin i were observed on every night.
3.1. du Pont Echelle data
The detector for the du Pont echelle spectrograph is a
SITe2K CCD with 24 µ pixels. The instrument was set
up with a 0.75′′ wide slit, which yields a spectral resolving
power (Rλ = λ/∆λ) of 40,000 and spans a wavelength
range of 3600–10100 A˚ over 60 orders. The data were re-
duced using standard packages and tasks in IRAF. The
raw image frames were bias and overscan corrected. The
pixel-to-pixel sensitivity variations were removed using
flat fields constructed from nightly quartz lamp obser-
vations. A two-dimensional scattered light model was
subtracted from each image and cosmic rays were re-
moved. Given the low S/N acquired in the cluster stars,
we used a bright RV standard star spectrum (S/N∼60–
100 per pixel) to define the order trace. Thorium-Argon
spectra taken every half hour provide the wavelength cal-
ibration. A fourth-order polynomial was used to fit and
remove the blaze function in each order. The resulting
spectra were left in multi-dimensional format, i.e., they
were not stitched to make a one-dimensional spectrum.
3.2. MIKE data
The MIKE spectrograph has both red and blue chan-
nels that can be used independently. Although data were
collected in both channels, only the spectra from the red
channel are used in this analysis. The detectors for each
arm have a 2k×4k format with 15 µ pixels, and the red
data were binned 2 × 1 on chip (i.e., a factor of two in
the spatial dimension). A slit width of 0.5′′ was chosen
to attain Rλ ∼ 44,000. The red data span a wavelength
range of 4800–9400 A˚ over 34 orders.
We used the Carnegie python pipeline4 developed for
MIKE to reduce the data. MIKE’s echelle orders have
significant curvature compared to other echelle spectro-
graphs, and the facility pipeline is better suited for this
unique feature than standard IRAF tasks. The python
pipeline completes standard CCD processing including
overscan subtraction, bad pixel masks, flat fielding, sky
subtraction, extraction and wavelength calibration of the
object spectra. Like the du Pont data, the spectra were
not collapsed to a one-dimensional format.
4. MEASURING VELOCITIES
Both rotational and radial velocities are measured by
cross-correlating the stellar spectra of the cluster stars
against the radial velocity standard stars observed on
the same night. Generally, three individual RV stan-
dards are observed each night with 2–3 images taken
of each star. We used our own IDL code for perform-
ing the cross-correlation, which has similar functionality
4 Available at http://code.obs.carnegiescience.edu/mike
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to IRAF’s fxcor task. The template and object spec-
tra are both continuum normalized and sampled on a
log-linear wavelength scale. Because the blaze function
significantly reduces the S/N on the edges of each order,
we only used the middle 50% of the pixels by ignoring
25% of both the leading and trailing pixels. We excluded
the orders that are significantly affected by strong telluric
bands (λ ≈ 6860–6890, 7170–7350, and 7600–7630 A˚),
and we cross-correlated the template spectra against each
other to test whether any other orders tended to cross-
correlate poorly. For the du Pont echelle spectra, the
orders used in the cross-correlation include 22–46, 51,
54, and 57–60. The useable orders in the MIKE spectra
are 39, 43–44, 46, 51–53, and 56–63.
The peaks of the cross-correlation functions (CCFs)
were fit with a 5-parameter Gaussian fit—3 parameters
for the height, width, and center of the Gaussian, and 2
parameters to fit a linear background. We used IRAF’s
rvcorrect task to calculate the heliocentric radial veloc-
ity corrections needed to convert the relative RV offsets
between the template and object spectra to heliocentric
radial velocities (vhelio) for the objects. The full width at
half maximum (FWHM) of the CCF peak was converted
to v sin i using a calibration derived for each template
star on each instrument (see 4.1).
Each order and template provides an independent mea-
surement of v sin i and vhelio for each star, so that over
100 independent measurements are made for each ob-
ject. However, given the modest S/N of our data, not
all of these measurements are equally good. In some
cases, the largest peak in the cross-correlation function
may in fact be a noise peak. We first winnow the sample
by removing cross-correlations for which the peak height
is less than 0.4. From the remaining measurements, we
compute an average in the following manner. First, we
calculate a sigma-clipped mean of v sin i and vhelio inde-
pendently using the “resistant mean.pro” function in the
IDL Astronomy User’s Library, using a sigma-cut of 2.5.
The function returns an array of the values that are not
rejected. By comparing the lists of kept values, we de-
termine which CCFs were kept for both their v sin i and
vhelio measurements. The v sin i and vhelio measurements
from this subset of cross-correlations are averaged to get
the final v sin i and vhelio for the object star.
The uncertainty in vhelio for each star is the total
quadrature sum of the individual errors in vhelio from
fitting the cross-correlation peaks. In almost all cases,
simply computing the standard deviation in the vhelio
measurements gives nearly the same result. The uncer-
tainties in v sin i are more complicated to compute, es-
pecially at the lowest values of v sin i where errors in the
FWHM measurement can lead to unphysical solutions,
namely v sin i< 0. This problem is especially prevalent
when attempting to propagate FWHM errors that are
calculated from the cross-correlation peak fitting. We
decided that the best method to determine the uncer-
tainty was from the distribution of v sin i measurements
for each star. In addition to avoiding the problems of
propagating FWHM errors, this method for calculating
uncertainty should also account for any systematic dif-
ferences in the v sin i measurements that arise from us-
ing different template stars. However, because FWHM
measurements that would result in v sin i< 0 are treated
as giving v sin i= 0, the distribution of v sin i measure-
ments for a given slowly rotating star is distinctly non-
Gaussian. Therefore, instead of calculating the standard
deviation, we compute the cumulative distribution func-
tion to find the v sin i values that that are the equivalent
of 1 σ away from the mean. For stars where the v sin i
uncertainty exceeds the v sin i, we report an upper limit
that is the sum of the two.
4.1. Calibrating v sin i
The method for finding the translation between the
measured FWHM of a cross-correlation peak and v sin i
was generally the same for both instruments. We artifi-
cially broaden the spectra of the RV standard stars by
known v sin i, cross-correlate the spectra with unbroad-
ened templates, and measure the FWHM of the cross-
correlation peaks. This allows us to identify the rela-
tionship between input v sin i (unknown in the cluster
stars) and the FWHM that we measure.
We pooled all of the RV standard stars for each instru-
ment together, selecting one image of each star to serve
as an “object” spectrum and the remaining images for
each star to serve as the templates. The object spectra
were then rotationally broadened with a grid of v sin i
ranging from 2–6 km s−1 in steps of 1 km s−1 and 6–
26 km s−1 in steps of 2 km s−1. The broadening kernel
was computed using the IDL routine “lsf rotate.pro,”5
which is based on Equation 17.12 in Gray (1992), us-
ing a limb-darkening parameter of ǫ = 0.6. All of the
object spectra (both the original and the set of rota-
tionally broadened spectra) are cross-correlated with the
unbroadened template spectra, using the same algorithm
on the CCF centers and widths to identify only “good”
correlations. We assumed an intrinsic rotational velocity
of 1 km s−1, which has been measured for HD 66141 and
HD 107328 (de Medeiros & Mayor 1999). A calibration
was defined for each order of each template star using the
mean measured FWHM and the total v sin i (quadrature
sum of the kernel and intrinsic rotation). A quadratic in-
terpolation between the grid points of these relationships
yields a v sin i measurement from the FWHM of the ob-
jects’ cross correlation function peaks. The calibration
was only measured using self-correlations, i.e, the artifi-
cially broadened spectra were correlated only with other
images of the same star.
There are slight differences in the calibration process
for each instrument. Seven unique RV standard stars
were observed with MIKE: CD-43 2527, HD 107328,
HD 171391, HD 196983, HD 146051, HD 66141, and
HD 176047. One spectrum of each of these stars was
selected to be rotationally broadened. Another 33 spec-
tra of these stars were used as the cross-correlation tem-
plates. We computed FWHM to v sin i relationships for
each echelle order of every template star and found that a
simple 3-pt quadratic interpolation of these relationships
was sufficient for calculating v sin i from the FWHM of
the objects’ cross correlation function peaks.
With the du Pont echelle, we observed only three
unique radial velocity standards (CD-43 2527, HD 66141,
HD 107328). One of each spectra was used as an object
star, and the remaining 24 spectra were used as tem-
5 Available in the Astronomy Users’s Library at
http://idlastro.gsfc.nasa.gov/contents.html
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plates. We again calibrate FWHM and v sin i both order-
by-order and template-by-template, but we found that
a 4-pt least-squared quadratic interpolation provided a
better mapping from FWHM to v sin i for the du Pont
data.
Finally, we cross-correlated the unbroadened “object”
spectra with the template spectra of all the other stars
(i.e., self-correlations were excluded), to measure the
v sin i for each of the RV standard stars. This analysis
verifies that all the RV standards are slow rotators, gen-
erally with v sin i< 2 km s−1. In Table 3, the top seven
rows list the RV standard stars, the v sin i measured in
this work from spectra taken with the MIKE and du Pont
echelle instruments, and v sin i reported in the literature.
All of the v sin i measured for the template stars in this
work are consistent with the assumed intrinsic v sin i of
1 km s−1 within the uncertainties.
4.2. Verifying v sin i.
This cross-correlation method implicitly assumes that
the only broadening source that varies among the red gi-
ant stars is the rotation. This assumption is valid for the
instrumental broadening, which is identical for all stars
observed on the same telescope with the same setup, and
for the microtrubulence, which varies little across our
sample. However, the macroturbulent velocity increases
linearly with temperature and varies considerably across
the RGB. From the base to the tip of the RGB, which
spans a temperature range of ∼ 3000 K, macroturbulence
should range from ∼ 8.5 km s−1 down to ∼ 3.5 km s−1.
Most of the stars in the sample (∼ 87%) have temper-
atures in the range of 4500–5500 K, where macroturbu-
lence only varies between 4.8–6.8 km s−1. (These macro-
turbulence values were calculated using the temperature
relationships of Hekker & Mele´ndez 2007, for luminosity
class III giants.) However, the macroturbulent broaden-
ing most strongly affects the wings of the line profiles
and should have less effect on the FWHM measurements
than rotation. To test whether the v sin i measurements
are being affected by macroturbulence, we computed the
Spearman rank correlation coefficient (ρ) to test for a
correlation between v sin i and stellar temperature. The
value of ρ ranges from −1 to 1, with the extrema cor-
responding to perfect monotone anti-correlation or cor-
relation and ρ = 0 corresponding to no correlation. We
attained ρ = 0.09, indicative of a weak positive corre-
lation between v sin i and temperature. This non-zero
correlation is only significant at the 1.9σ level. We con-
clude from the weakness of the correlation and its low
significance that the differences in stellar broadening are
most likely attributed to rotation and not macroturbu-
lence.
We can also test the validity of our technique by com-
paring v sin i for stars with previously measured rotation.
This comparison has already been made for the RV tem-
plate stars used in the v sin i calibration, and we also
observed a small number of stars that span a wide range
of v sin i specifically for this purpose. These stars were
selected from Carlberg et al. (2012) and were subject to
the same reduction and analysis pipeline as the cluster
stars. Eight of these stars were observed with MIKE,
and they have v sin i∼0–24 km s−1. Only six of these
stars were observed with the du Pont echelle, and they
span a narrower ranger in v sin i, from ∼3–15 km s−1.
Fig. 2.— Comparison between v sin i measured here and lit-
erature values for a sample of stars with known v sin i from
Carlberg et al. (2012). The different symbols refer to MIKE data
(filled circles) and du Pont echelle data (open squares).
The stars are listed in Table 3, and in Figure 2, we plot
the v sin i measured here against the literature values.
A unity-slope line is drawn to guide the eye. Stars ob-
served with MIKE and the du Pont echelle are shown
separately since the v sin i calibrations were derived in-
dependently. Both data sets reproduce the known v sin i
values very well, especially at higher v sin i, and there
is excellent agreement for the three stars observed with
both instruments. However, it is worth noting that the
three measurements at intermediate velocities, between
5 and 10 km s−1, are systematically lower. This rotation
regime is where v sin i is low enough that macroturbu-
lence becomes the dominant broadening, and suggests
that we may be systematically underestimating v sin i by
∼ 1.5 km s−1 at the lowest v sin i.
5. RADIAL VELOCITY MEMBERSHIP
We use the stars’ vhelio distribution both to mea-
sure the cluster’s vhelio and to evaluate cluster member-
ship. First, we create RV histograms using a bin size of
1 km s−1, as illustrated in Figure 3 for NGC 2477. This
distribution is fit with a 4-term Gaussian function. The
center of the Gaussian (vcen) gives the systemic velocity
of the cluster, while the dispersion of the Gaussian (σv)
is a measure of the intrinsic velocity dispersion within
the cluster. To be considered a cluster member, each
individual star’s vhelio must be within vcen ± 3σv. By
defining ∆ as the absolute difference between the stel-
lar vhelio and the mean cluster vhelio, this criterion can
also be expressed as ∆/σv ≤ 3. Table 4 lists each clus-
ter along with the number of stars observed, the number
of member stars, the clusters’ vhelio±σv measured here,
and the literature vhelio. Because membership is here de-
fined only in terms of RV, the values for σv should not
be considered a robust measure of the clusters’ velocity
dispersions. Clusters that have been well-studied in the
literature (e.g., M 67) have a high fraction of targeted
stars being members. Less well-studied clusters (e.g.,
Melotte 66) have a much larger fraction of field star con-
tamination in the observed sample
Table 5 lists the stars’ vhelio, the uncertainty in vhelio,
∆/σv used to gauge cluster membership, v sin i, and the
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TABLE 3
Comparison of Rotational Velocities
Star v sin i (MIKE) v sin i (duPont) Lit. v sin i Reference
(km s−1) (km s−1) (km s−1)
CD-43 2527 < 2.2 1.7 ± 1.5 · · · · · ·
HD107328 < 2.7 1.8 ± 1.1 4.0, 1.3 1, 2
HD146051 2.1 ± 1.8 · · · · · · · · ·
HD171391 < 3.1 · · · 2.5 3
HD176047 < 0.5 · · · · · · · · ·
HD196983 < 0.7 · · · · · · · · ·
HD66141 < 0.6 2.0 ± 1.2 2.5, 1.1 1, 2
G0827-16.3424 23.9 ± 1.8 · · · 23.9 4
G0946+00.48 11.9 ± 0.9 · · · 12.3 4
G1124-05.61 6.7 ± 0.5 5.4 ± 1.0 7.5 4
Tyc0319-00231-1 < 1.5 · · · 0.7 4
Tyc0347-00762-1 15.3 ± 0.5 14.8 ± 2.4 15.3 4
Tyc0647-00254-1 · · · 10.9 ± 0.5 10.4 4
Tyc5523-00830-1 < 0.6 · · · 1.5 4
Tyc5868-00337-1 · · · <1.8 2.2 4
Tyc5981-00414-1 4.2 ± 0.7 · · · 5.6 4
Tyc5904-00513-1 · · · 13.9 ± 0.9 14.0 4
Tyc6094-01204-1 13.7 ± 0.6 13.2 ± 1.3 13.2 4
References. — (1) Fekel 1997, (2) de Medeiros & Mayor 1999, (3)
de Medeiros et al. 2014, (4) Carlberg et al. 2012
TABLE 4
Measured Properties of Open Clusters
Cluster Name Observed Members vhelio Lit. vhelio Reference
(km s−1) (km s−1)
Collinder 110 51 29 +38.7± 0.8 +41.0±3.8 1
Melotte 66 90 36 +22.1± 0.9 +21.3±0.4 2
M 67 29 21 +33.1± 0.6 +32.0±1.1 3
NGC 2477 81 65 +6.9± 1.2 +7.3± 1.0 4
NGC 2506 28 24 +83.4± 1.3 +83.2± 1.6 4
NGC 2660 27 22 +21.8± 0.8 +21.3± 1.0 4
NGC 6005 18 11 −25.2± 0.8 · · · · · ·
NGC 6134 21 17 −25.4± 0.9 −25.7± 0.7 4
NGC 6253 40 26 −28.2± 1.2 −29.4± 1.3 5
Pismis 18 16 12 −27.9± 0.8 · · · · · ·
Ruprecht 147 8 5 +42.5± 1.0 +41.1± 0.5 6
References. — (1) Pancino et al. 2010, (2) Sestito et al. 2008, (3) Kharchenko et al.
2005, (4) Mermilliod et al. 2008, (5) Anthony-Twarog et al. 2010, (6) Curtis et al. 2013
Fig. 3.— Histogram of RVs measured for RG candidates in
NGC 2477 (solid). The dashed lines show a Gaussian fit to the
histogram and the location of the peak of fit. The dotted line
shows the mean RV of the likely cluster members.
uncertainty in v sin i. There is the possibility that legiti-
mate cluster members will be classified as non-members
with this strategy. If the star has one or more stellar
companions, the orbital component of the radial veloc-
ity can be large enough to make vhelio inconsistent with
the cluster velocity. Binary star systems are discussed in
more detail in 6.2.
6. ROTATIONAL VELOCITIES
In Figure 4, we plot the distribution of v sin i among
the member cluster stars, with the histogram for the en-
tire cluster ensemble in the bottom right panel. The
panels are ordered by the age of the cluster, from young
to old. For ease of comparison, the location of the
peak of the ensemble distribution (the bin centered at
1.5 km s−1) is given in each panel. The individual cluster
distributions peak between 1.5 km s−1 and 3.5 km s−1.
The distribution of the combined cluster sample shows
that there is such a rapid decline in the number of stars
with increasing v sin i that stars with even moderate
v sin i (4–5 km s−1) are rare. This result is consistent
with previous studies of field RGs that generally find very
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TABLE 5
Radial and Rotational Velocities
Cluster Star Number vhelio err vhelio ∆/σv v sin i err v sin i
(km s−1) (km s−1) (km s−1) (km s−1)
Collinder110 1103 14.1 0.4 34.5 2.7 2.2
Collinder110 1120 46.2 0.2 10.6 1.0 <
Collinder110 1122 39.2 0.3 0.7 1.2 <
Collinder110 1128 33.3 0.3 7.5 1.0 <
Collinder110 1134 38.2 0.3 0.7 1.6 1.5
Collinder110 1135 40.3 0.3 2.3 1.0 <
Collinder110 1136 49.2 0.3 14.7 1.5 1.5
Collinder110 1138 34.5 0.3 5.9 1.9 1.7
Table 5 is published in its entirety in the electronic edition of AJ, A portion is shown here
for guidance regarding its form and content.
slow rotation. Only two of the clusters have individual
rapid rotators (defined here as v sin i≥ 8 km s−1). They
are in NGC 6134 and NGC 6005. Over half of the remain-
ing cluster have at least one giant in the still-rare range of
v sin i that shows either moderate rotation (here defined
as 6 ≤ v sin i < 8 km s−1) or modest rotation (here de-
fined as 4 ≤ v sin i < 6 km s−1). These clusters are NGC
2477, NGC 2506, Pismis 18, Collinder 110, and Melotte
66. Pismis 18 in particular has a large fraction of such
RGs. All cluster stars showing some level of enhanced
rotation are listed in Table 6, and these are grouped by
the three rotation bins described above (modest rotation,
moderate rotation, and rapid rotation). The notes in the
last column are described in detail below.
6.1. CMDs of Cluster Members
Before drawing any conclusions from these v sin i re-
sults, it is useful to see exactly where these stars fall
on theoretical isochrones. Figure 5 shows intrinsic color
magnitude diagrams of all 11 clusters ordered again from
youngest to oldest, together with Marigo et al. (2008)
isochrones of the adopted cluster ages and metallicities.
The V magnitudes have been corrected for extinction us-
ing the standard extinction law, i.e., AV = 3.1E(B−V ).
The V −I colors for M67 and NGC 2477 were dereddened
using RI = 1.5 (Fitzpatrick 1999)
6, while the 2MASS
J −KS colors for Ruprecht 147 stars were deredened us-
ing RJ = 0.819 and RKS = 0.350 (McCall 2004). No
attempt has been made to fit isochrones to the data.
The isochronal ages and metallicities and the clusters’
distance moduli and reddenings were chosen from the
literature values in Table 1 with preference to sets that
better matched the data.
Most isochrones match the photometry quite well con-
sidering they are not necessarily shown with the photom-
etry from which the ages and metallicities were derived.
There are two exceptions to this general statement. The
especially poor fit to NGC 6253 is likely due to the fact
that the most metal-rich isochrone available is at least
0.2 dex lower than the cluster metallicity. Additionally,
Montalto et al. (2009) shows that in B − V photome-
try, their best-fit isochrone for this cluster fits the main
sequence better than it fits the RGB. The other clus-
ter with an especially poor fit (NGC 6134) is the second
most metal-rich cluster, and its metallicity is right at
the metal-rich edge of the isochrone grid adopted in this
6 RΛ = AΛ/E(B − V )
work. Ahumada et al. (2013) found it impossible to si-
multaneously fit the V − Ic and B − V isochrones to all
the major evolution stages.
The symbols in Figure 5 are coded in size and color to
represent four bins in rotation. The slowest rotation bin
(v sin i< 4km s−1) contains more than 90% of the stars.
The remaining three bins in rotation are those listed
in Table 6 and have 2–6 stars per bin. The isochrone
linestyles are coded to the following stages of evolution:
the MS (heavy line), between the MS turn-off and base of
the RGB (dot-dashed line), the first ascent of the RGB
(thin solid), and the red clump/second ascent (dashed
line). From these CMDs, it is clear that the fast rota-
tion is not always unusual. For example, in NGC 6134,
the fastest rotator is clearly the least evolved star and
is still on the subgiant branch. The subgiants are la-
beled ‘SG’ in Table 6. This star is only half way across
the Hertzsprung gap (in temperature) and is still likely
in the process of spinning down. Contrast this star with
the subgiants in M67, which are all slow rotators already.
In two clusters, the scatter in the photometry makes
it difficult to discern the evolutionary stage of the stars
with enhanced rotation. In NGC 2477, the scatter is
likely due to differential reddening. Eigenbrod et al.
(2004) found that a single isochrone with reddening be-
tween 0.22 and 0.3 dex reproduced the photometry quite
well. Depending on the appropriate reddening value for
the faintest moderate rotator, it may be associated with
the subgiant branch, the base of the RGB or the red
clump. The other two rotators are the brightest stars at
their approximate color and are marked as over-luminous
(OL) in Table 5. However, the may simply be among the
least-reddened stars in the cluster. In NGC 6005, the
scatter around the isochrone is so large and the num-
ber of stars so few, it is difficult to draw any conclusions
from the rapid rotator’s position on the CMD alone. It
could either be associated with the red clump or be over
luminous compared to the base of the RGB.
All of the remaining stars with enhanced rotation are
in good agreement with some red giant phase of evolu-
tion that is appropriate to the cluster, most commonly
the red clump phase. Curiously, Pismis 18 shows a strik-
ingly high number of enhanced rotators: 5 out of only
12 members (over 40%). The isochrone is also the only
one that does not have an “RGB tip” stage (NGC 6005
uses the same isochrone, but its metallicity is unknown),
leading to the apparent gap between the last stage on
the first ascent and the beginning of the core He burning
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TABLE 6
Enhanced Rotators
Cluster Name Star v sin i Notesa
(km s−1)
Fast Rotation
NGC 6005 4 20.0 OL/CB?/RC/asymmetric CCF
NGC 6134 27 8.7 SG, CB
Moderate Rotation
NGC 2477 6288 6.9 OL
Pismis 18 41 6.5 RC/AGB
Collinder 110 2119 6.3 RC
Modest Rotation
Pismis 18 22 5.7 RC/AGB
NGC 2477 4004 5.6 OL
Pismis 18 2 5.1 AGB
Melotte 66 2352 4.9 RGB1
Pismis 18 26 4.5 AGB
NGC 2506 2380 4.4 RC, CCF is shallow, wingy.
NGC 2477 15496 4.2 SG/RGBb/RGB1?
Melotte 66 745 4.1 AGB/RC
Pismis 18 9 4.1 AGB/RC
a CCFs are normal unless otherwise noted. SG - suspected subgiant star,
RGBt - tip of RGB, RGBb - base of RGB, RC - red clump, RGB1 - first
ascent RGB, AGB - asymptotic giant branch (second ascent), OL - over
luminous star, CB - composite binary
Fig. 4.— Distribution of v sin i for the individual clusters (filled) and for the total sample (open). For reference, the peak of the all-cluster
distribution is show in each panel (dashed line). The panels are ordered from youngest to oldest (NGC 6134, NGC 2477 . . .M67). (A color
version of this figure is available in the online journal.)
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Fig. 5.— Color magnitude diagrams of confirmed cluster members (circles) and model isochrones (Marigo et al. 2008) using the adopted
cluster properties in Table 1. The thick lines indicate the MS, and the dashed-dot lines span the MS turn-off and the base of the RGB. The
RGB evolution is shown with thin solid lines indicating the first ascent and dashed lines indicating the core He burning phase (red clump)
and second ascent. The symbols are color coded and increase in size by velocity bins: slow (v sin i < 4 km s−1, black), modest rotation
(4 ≤v sin i < 6 km s−1, blue), moderate rotation (6 ≤v sin i < 8 km s−1, orange), and rapid rotation (v sin i ≥ 8 km s−1, red). The ×’s in
NGC 2477, M67, and NGC 6134 show stars that are known binaries. (A color version of this figure is available in the online journal.)
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stage. This is because the age of the cluster interpolates
between isochrones with RGB stars that both do and
do not have degenerate He cores. All of the enhanced
rotators are situated near the red clump.
6.2. Binaries
Stars with close orbiting companions could have signif-
icant tidal interactions that affect the primary star’s ro-
tation. Systems with the shortest period companions are
the most likely to have their rotations influenced by the
companion. However, these are also the systems where
the primary has the largest orbital velocity variations,
which increases the likelihood of observing the system
when the orbital RV component is large enough to give
the star an observed RV that appears inconsistent with
cluster membership. We can use the clusters with previ-
ously identified binary star members to probe this likeli-
hood.
In Table 7, we list the binary systems in M67, NGC
2477, and NGC 6134, and these stars are plotted in Fig-
ure 5 with ×’s. The table gives the cluster name and
star number used in this study; the vhelio derived here;
the binary systems’ period, systemic velocity (γ), and
velocity semi-amplitude (K) derived from the literature;
the membership of the star; and the literature source.
The membership column lists two values: member/non-
member (M or NM) from comparing γ to the cluster
vhelio and yes/no (Y/N) referring to whether the star
made the RV cut for the cluster as described in Section
5. In only one case (NGC 2477 6062) did the combined
motion of the binary make a true non-member appear to
be a member from the single epoch RV measured here.
On the other hand, 9 of the 19 true members were flagged
as suspected non-members here because of the added bi-
nary motion.
With only a single epoch in radial velocity, the best
way to look for binary companions among the suspected
members is to inspect the cross-correlation functions for
signs of asymmetry or multiple peaks. However, this
technique can only detect companions bright enough to
contribute significantly to the combined flux of the sys-
tem. For S/N of 10, the fainter star must contribute
more than 10% of the combined flux to be detectable
over the noise, which corresponds to stars up to 2.5
magnitudes fainter than the primary. For red giant pri-
maries, the main sequence stars at the same color are too
faint to contribute to the total light at this level, which
means that any companions that are bright enough to
contribute significantly to the total light are also bluer
than the RGs. The V magnitude of composite systems
can be as much as 0.75 magnitudes brighter than the
isochrone (for equal brightness components) and the col-
ors can be shifted significantly towards the blue by as
much as ∼ 0.5 magnitudes if the companion is at the MS
turn-off.
Stars with such relatively bright companions should
either have colors or magnitudes that are very dissimi-
lar from the isochrones or show asymmetries in the CCF
peaks due to the secondaries’ contributions to the to-
tal light. None of the known binaries in Table 7 have
any obvious indication of their companion in the shape
of the CCF. However, one of the known binaries ap-
pears to have a luminosity that is inconsistent with the
isochrone. This star is M67 136, which is a known binary
system with a long period (P ∼ 1495 d), discovered by
Mathieu et al. (1990, S1072 in that study). This example
likely has a subgiant primary, but the authors note that
its photometric colors are very difficult to explain even
considering the photometric contribution of the compan-
ion.
For the enhanced rotators, there are three that ap-
pear “over luminous” for their color, implying that a
suspected stellar companion is bright enough to appear
in the CCFs as a secondary peak or asymmetry in the
primary peak. However, after inspecting the CCFs of all
of the enhanced rotators, we found that only NGC6005 4
showed obvious asymmetry. Unfortunately for both clus-
ters with over-luminous fast rotators, the scatter in the
photometry indicates the presence of differential redden-
ing, which will also move stars to brighter magnitudes
and bluer colors if they are less reddened than average.
However, a more likely explanation for the lack of a sec-
ondary CCF peak is that the companion’s orbital RV is
not significantly different from that of the primary star,
which is more likely to occur for more distant separations
or lower inclination angles. With the data at hand, we
can only say that one enhanced rotator (NGC 6005 4)
shows strong evidence of binary companion in both its
photometry and CCF asymmetry, whereas the lack of
strong evidence for the remaining stars does not nec-
essarily rule out stellar companions. Additional radial
velocity monitoring is needed to confirm the presence or
absence of a stellar companion and whether it is close
enough to have affected the rotation of the primary star.
6.3. Cluster Rotation Compared to the Field
Field giant stars also have low fractions of rapid rota-
tors. In the de Medeiros & Mayor (1999) sample of gi-
ants, 2.5% (11 of 432) of the apparently single RGs have
intermediate v sin i (4–8 km s−1, the moderate and mod-
est rotators) while 1.3% (6 of 432) have v sin i≥ 8 km s−1.
In this study, intermediate and rapid rotators (exclud-
ing likely subgiant stars) comprise 4% and < 0.4% of
the sample, respectively. Thus, there is no statistical
difference between the fraction of rapid and intermedi-
ate rotators between the open clusters studied here and
the de Medeiros & Mayor (1999) field giant populations.
Carlberg et al. (2011) used 10 km s−1 as a cut off for
rapid rotation and found 2.2% of field giants to be rotat-
ing this rapidly. The higher fraction in Carlberg et al.
(2011) is likely due to binaries because they did not have
multi-epoch RVs to flag binaries, whereas in this study,
radial velocity mismatch with the cluster probably ex-
cluded some binaries in this work. Although the number
of rapid rotators is smaller than one would expect from
the field giant studies mentioned, the difference is not
statistically significant.
Massarotti et al. (2008, hereafter M08) discovered in
their large sample of field giants that enhanced rotators
are preferentially found both in the red clump and among
stars that had just recently completed first dredge-up.
We test for a similar result with our data. Figure 6 shows
the distribution of the cluster sample on the HR dia-
gram with boxes showing the sample regions defined in
M08. The dereddened colors were transformed to stellar
effective temperature using the Houdashelt et al. (2000)
relationships for giants. The 2MASS colors were first
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TABLE 7
Known Binaries
Cluster Cluster vhelio Star Period γ K v sin i Member?
a Ref.
(km s−1) (d) km s−1 (km s−1) (km s−1)
M 67 32.5 136 1495.0 32.87 2.60 13.2 M, N 1
173 353.9 33.37 11.80 0.6 M, N 1
236 277.8 33.82 8.36 3.5 M, Y 1
240 1233.0 43.30 4.40 0.4 NM, N 1
NGC 2477 7.0 1025 41.554 6.72 11.75 3.7 M, N 2
1044 3108.0 7.46 3.22 0.8 M, N 2
2064 4578.0 6.14 5.78 2.2 M, Y 2
2204 1318.9 7.62 19.47 1.6 M, N 2
3003 1782.4 7.49 11.13 1.7 M, N 2
3176 276.74 7.01 7.74 1.4 M, Y 2
4137 372.367 9.04 14.56 1.4 NM?, N 2
5073 326.1 6.13 14.66 1.5 M, Y 2
6020 226.2 8.55 9.33 0.4 NM?, N 2
6062 482.3 10.16 6.21 0.2 NM, Y 2
6251 412.6 7.40 1.92 2.1 M,Y 2
8017 60.3169 8.33 21.74 3.8 NM?, N 2
8018 140.1490 6.28 6.77 2.2 M, N 2
NGC 6134 −24.9 8 702.7 −27.00 8.93 1.7 M, Y 3
30 · · · · · · · · · 1.4 M, Y 4
34 257.83 −26.12 8.87 1.4 M, Y 3
47 · · · · · · · · · 1.0 M, Y 4
107 · · · · · · · · · 1.3 M, Y 4
176 · · · · · · · · · 1.1 M, N 4
204 59.674 −24.92 9.50 6.7 M, N 3
References. — (1) Mathieu et al. 1990, (2) Eigenbrod et al. 2004, (3) Mermilliod et al. 2007, (4)
Claria & Mermilliod 1992
a M/NM - membership from systemic velocity of system, Y/N - from vheliocut in this work.
transformed to the CTIO J −KS system using the up-
dated Carpenter (2001) transformations7. Luminosities
were derived using Torres (2010) V -band bolometric cor-
rections. The large boxes created by the dashed lines de-
lineate the red clump (top box) and a control region just
below it (bottom box). M08 found enhanced rotation in
the top box compared to the lower box, which they ar-
gued was due to AM dredge-up. Stars in the lower box
are primarily first ascent stars while the top box have a
higher fraction of red clump stars. The dash-dot line on
the very right edge delineates stars that have just com-
pleted first dredge-up. In M08, the stars in this box also
had higher rotation.
Seemingly consistent with these results, five of the en-
hanced rotators fall in the red clump box compared to
zero in the comparison box below the red clump box.
However, the comparison box is poorly populated and
contains only a fifth of the number of stars as in the
upper box. Hence, an absence of enhanced rotators in
the lower box is still consistent with an equal fraction of
enhanced rotators. Similarly, the box that samples the
completion of dredge-up has a single star, so we cannot
test the rotation distribution. The reason for the poor
sampling in the cluster sample may be due to the dif-
ferent stellar mass distributions. A large fraction of the
M08 sample probed masses below ∼1.4 M⊙.
The solid-line box inlaid in the red clump region defines
the portion of the red clump where M08 found two mod-
erate rotators that they argued must have engulfed plan-
ets. This parameter space also has the greatest ambi-
guity in discriminating red clump stars from first-ascent
giants. It is of note that the three enhanced rotators
in this box are all Pismis 18 stars, which suggests that
7 http://www.ipac.caltech.edu/2mass/releases/allsky/doc/sec6 4b.html
stars of this particular mass might all be experiencing
some phase of enhanced rotation that other stars do not,
e.g., AM dredge-up, which is discussed in Section 7.1.
In addition to the enhanced rotators found in the am-
biguous stellar evolution region, there is another group
of enhanced rotators that appear to make up the bluest
extent of the red clump (logTeff ∼ 3.72 and logL/L⊙ ≥
1.2). This parameter space could also be consistent with
the post-MS/pre-RGB stage of stars more massive than
2.2M⊙; however, all of our clusters are old enough to
exclude this mass range. Thus, it appears that most of
the enhanced rotators are quite evolved, despite the fact
that they should have all arrived at the base of the RGB
as slow rotators. The subgiant stars in our sample are
represented by two groups near logTeff & 3.74. The sub-
giants in the younger clusters (at logL/L⊙ & 1.2) are
few in number but have at least one rapid rotator, while
the stars from older clusters (at logL/L⊙ ∼ 0.8) are gen-
erally slower rotators.
6.4. Rotation Distributions by Stellar Mass
Stars more massive than 1.3 M⊙ lose little AM on
the MS. However, as already described in Section 1,
the specific AM at birth is larger for stars more mas-
sive than 1.6 M⊙ than for stars with masses between
1.3–1.6 M⊙ (Wolff & Simon 1997). Nevertheless, all of
these intermediate mass stars (M > 1.3 M⊙) do even-
tually develop outer convection zones as they evolve
off of the main sequence and consequently experience
strong magnetic braking. Since higher rotation corre-
lates with higher AM loss, the differences between the
faster and slower rotators should diminish as the stars
evolve. Subgiants are generally sparse in studies on ro-
tation especially in the intermediate mass regime, ow-
ing to the short time scale of this stage, and there is
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Fig. 6.— Hertzsprung-Russell diagram of all of the cluster stars, with the colors and sizes of the points indicating rotation as in Figure 5.
Colors available for each cluster (either B − V or V − Ic) have been converted to photometric temperatures using the Houdashelt et al.
(2000) color-temperature relations for giants, after correcting for reddening. The left panel shows the full parameter space spanned by the
sample, while the right panel shows a blow-up. The boxes show the same subsets defined in Massarotti et al. (2008) for ease of comparison.
(A color version of this figure is available in the online journal.)
little data on whether the rotation distributions even-
tually merge. Even in the subgiant-targeted rotation
study by do Nascimento et al. (2003), there are almost
no subgiants more massive than ∼1.3 M⊙ in the transi-
tion from 6000–5200 K ((B − V )0 ∼ 0.55–0.84), which
spans at least half of the temperature range of the sub-
giant branch. Nevertheless, do Nascimento et al. (2003)
clearly find more rapid rotation on the high temperature
end of the gap and much slower rotation on the cool side
of the gap. A quick inspection of Figure 5 confirms that
the cluster stars follow the same pattern. Once stars
reach the base of the red giant branch, they are gener-
ally all slowly rotating. The growth of the stellar radius
between the MS turnoff and the base of the red giant
branch is quite modest—only a 20% increase for a solar
metallicity 1.5M⊙ star (using models from Bertelli et al.
2008)—not nearly enough to explain the one or two order
of magnitude change in the surface rotation.
Our sample can be used to test whether the initial dif-
ferences in observed rotation with mass on the MS are
erased by the time these stars become RGs or whether
these differences persist throughout the RG phase. Fig-
ure 7 shows the distribution of v sin i for RGs above and
below 1.6 M⊙. Six clusters are securely above the mass
threshold with M⋆ > 1.8 M⊙, and three are securely be-
low the threshold having M⋆ < 1.5 M⊙. These separa-
tions are true even within the variation of possible ages
and metallicities listed in Table 1. The remaining two
clusters, NGC 2506 and Ruprecht 147, have mass esti-
mates very close to the transition. The RGs in NGC 2506
in particular may be at, above, or below the transition
mass depending on which set of parameters are adopted.
The stars in these two clusters are plotted in a separate
histogram in Figure 7. By comparing these histograms,
it is clear that the more massive stars show a distinct dif-
ference in their v sin i distribution, having both a higher
mean v sin i and a broader distribution in v sin i, con-
sistent with the idea that the high mass stars evolved
from a population with both a larger and broader initial
AM distribution. This figure also suggests that the stars
with estimated masses near 1.6 M⊙ are likely to be from
the higher mass population. The two-sided Kolmogorov-
Smirnov (K-S) statistic confirms these by-eye deductions.
The secure groups of high and low mass stars have a K-S
probability of only 0.004%. The stars in the transition
mass range have a 0.5% likelihood of being drawn from
the high-mass population but only a 0.005% likelihood
of coming from the low mass population.
Although the v sin i distributions are quite different,
this is not necessarily conclusive evidence that the AM
distributions are different. The radii of RG stars in
this sample range from 2.5 to 94 R⊙, and lower mass
stars have much more extended RGBs (i.e., the grow
larger) than more massive stars. A better set of dis-
tributions to compare are those that more directly probe
the AM in the convection zone. A simple approxima-
tion of the specific AM in the envelope is given by
Jsp ≡ J/M ∼ IΩ/M ∼ MR
2vrot/RM ∼ vrotR, and
the distribution of this quantity is plotted in the second
panel of Figure 7. Restricting the sample to a small range
in R will also mitigate biases introduced at the lowest
v sin i. The histograms in the second panel only contain
RC stars with estimated radii of 7–11 R⊙. This selection
still captures 60% of the entire sample. The distributions
look much more similar, and a K-S test applied to these
two Jsp distributions yields a 21% probability that the
distributions are from the same parent population, and
the stars near the transition mass have a nearly equal
chance of being drawn from the high or low mass star
population (5% in the former and 4% in the latter case).
Therefore, despite differences in AM imparted at birth
for stars in this mass range, there is no conclusive evi-
dence for a difference in the distribution of AM by the
time these stars evolve to the red giant stage.
7. SOURCES OF EXCESS ANGULAR MOMENTUM
In this section, we briefly discuss possible sources of the
enhanced surface AM seen in the fastest rotating stars.
7.1. Angular Momentum Dredge-Up
The onset of surface convection in intermediate mass
stars evolving off the MS is thought to be responsible
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Fig. 7.— Top: Distribution of v sin i for RGs with masses higher
(solid histogram) and lower (open histogram) than 1.6 M⊙. The
two clusters with masses right near the transition mass are plotted
separately (hatched histogram). Bottom: Distribution of vrotR,
a proxy for AM, for a restricted sample of red clump stars with
R⋆ = 7–11 R⊙. (A color version of this figure is available in the
online journal.)
for the rapid deceleration of these stars’ surface rota-
tion via magnetic braking. The convection layer deepens
through the earliest stages of the red giant branch evo-
lution until as much as 80% of the stellar mass is con-
vecting. Simon & Drake (1989) noted that although it
was clear that intermediate mass stars undergo a rapid
deceleration in their surface rotation as they crossed the
Hertzsprung Gap, it was not clear whether the stars were
losing or conserving AM. If the stellar AM remains nearly
constant, it implies that the surface AM is sequestered
and could re-surface during first-dredge up. This sce-
nario is particularly enticing for explaining very rapid
rotation (v sin i> 15 km s−1) of intermediate mass RGs
because the MS AM of these more massive stars is so
high. AM dredge-up has also been used in the M08 field
giant study discussed previously to explain a much more
modest enhancement of v sin i of only a few km s−1 in
stars that are mostly less massive than ∼1.4 M⊙. The
same argument could also be applied to the enhanced ro-
tators found in the region delimited by the solid-line box
in Figure 6. The fact that these enhanced rotators are
found in only one cluster, Pismis 18, and that they share
a common evolutionary stage suggests that AM dredge-
up may be a common property of 1.9 M⊙ stars—the
estimated mass of the RGB stars in Pismis 18.
If the fast rotators in the ambiguous part of Figure 6
are red clump stars instead of first ascent stars, then
any AM redistribution must be happening much later
in the RG’s evolution. Recently, asteroseismic analyses
of data from the Kepler satellite has resulted in the de-
tection of the core rotation of RGs and, more impor-
tantly, the evolution of that core rotation (Mosser et al.
2012). Mixed-mode stellar oscillations couple the gravity
waves in the RG core to the pressure waves in the stel-
lar envelope, and the rotational splitting of these modes
are dominated by the rotation of the stellar core and di-
rectly measures how the core’s rotational period changes
as the star evolves. Mosser et al. (2012) found only a
small decrease in the rotational splitting as a function
of the RGB radius, which can be interpreted as little
change in the core’s rotational period while the star is
on the RBG. However, the red clump stars showed sig-
nificantly smaller rotational splittings, pointing towards
a significant slowing of the core sometime near the end of
the RGB stage. Mosser et al. (2012) speculate that AM
is transferred from the core to the outer layers when the
star is near the tip of the RBG; however, their sample
does not probe the latest stages of RGB evolution.
These results do provide a means of estimating the
surface rotation increase expected in a red clump star
from the transport of core AM to the stellar envelope.
They find that the average rotation in the core decreases
by a factor of 6. However, the “core region” is somewhere
below 0.01 R⋆ so that the moment of inertia of the core
is . 10−4 the moment of inertia of the envelope, and this
implies that the core rotation must be at least 100 times
faster than the envelope to change the envelope’s AM
by 1%. In contrast, even the “modest” and “moderate”
rotation in the stars studied here corresponds to at least
a doubling to quadrupling of the envelope’s AM. In other
words, the observed level of decreasing core rotation in
RGs cannot fully explain the observed level of enhanced
rotation in stellar envelopes.
7.2. Externally Supplied Angular Momentum
If the stellar interior proves to be an unfeasible source
of AM, an external origin is needed. Synchronous
rotation with a close stellar companions is an obvi-
ous source, but for apparently isolated stars, a stel-
lar merger (Hills & Day 1976) or substellar engulfment
(Peterson et al. 1983) scenario is required. Given the
dearth of close orbiting objects with masses intermedi-
ate to stars and giant planets, the so-called “brown dwarf
desert” (Grether & Lineweaver 2006), mergers consist
of one of two mass regimes. Stellar mergers will be
much more energetic and contribute much more AM than
substellar companion engulfment, and such mergers are
thought to be the cause of the FK Comae stars, which
have ultra-rapid rotation, e.g. v sin i of 100 km s−1
(Bopp & Stencel 1981). Additionally, the mass increase
is so large that the now-single star will follow a more mas-
sive evolution track. Therefore, the fast rotators labeled
as “over luminous” in Table 6 may represent this forma-
tion pathway if they are found to have no close compan-
ions. The much slower rotation observed in these stars
compared to FK Comae stars implies that the merger
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happened long ago and that the stars have spun down to
more moderate rotation.
Planet engulfment will contribute far less AM to the
RG than a stellar merger, but the orbital AM of an en-
gulfed planet is still sufficiently large to measurably in-
crease the spin of the stellar envelope. Carlberg et al.
(2009) studied the evolution of known planet-hosting sys-
tems and found that rapid rotation from the engulfed
companions could typically persist for a third of the RG
star’s evolution. However, planets engulfed late in the
RGB evolution would not usually create rapid rotation
because the star’s moment of inertia grows faster than
the orbital AM available in the orbits of the planets
that are increasingly “engulfable” by tidal orbital de-
cay. If, however, the AM gained late in the RGB evo-
lution is preserved as the star re-contracts in its evolu-
tion to the red clump, the AM gained from the planet
would be sufficiently large to cause enhanced rotation.
Massarotti (2008) argued that this was the explanation
for the slightly enhanced rotation seen in the red clump
stars originally presented in the M08 sample. If the Pis-
mis 18 stars with enhanced rotation are in fact red clump
stars, this engulfment scenario could also be a reasonable
explanation provided that the cluster has an unusually
large fraction of stars with sufficiently close, large sub-
stellar companions.
8. SUMMARY
We surveyed the rotation distribution of RGs in eleven
open clusters to search for rapid rotators in an effort to
better understand the outliers of this otherwise gener-
ally slow-rotating class of stars. Rapid and moderately
fast rotators appear to be as common in clusters as in
the field population, but the frequency of moderate ro-
tators in Pismis 18 is surprisingly large. Separating the
stars into mass bins with different average rotation on
the main sequence, we find that the more massive stars
(M & 1.6 M⊙) have a larger population of enhanced ro-
tators, and the rotation distribution is much broader.
However, when converting to AM and restricting the
comparison to stars with similar sizes, the differences,
while still present, are not statistically significant. Nev-
ertheless, there are clear outliers to the general AM dis-
tributions among the higher mass stars.
These data provide constraints on models of stellar ro-
tation of intermediate mass stars, which appear to spin
down very rapidly during the subgiant evolution phase.
Stars in the subgiant phase are quite rare, and their
radii do not change drastically enough to account for
the amount of spin-down necessary to explain the slow
rotation seen in the earliest RG phase. If some of the AM
is sequestered in the stars instead of lost by magnetized
winds, evolution models can use the rotation distribu-
tion of RGs to test how that AM may resurface. Mea-
suring additional rotational velocities or rotation peri-
ods of intermediate mass stars crossing the Hertzsprung
Gap remains a difficult but important piece of the puzzle.
Distinguishing between internal and external sources of
enhanced surface rotation may come from disentangling
the ambiguous stage of evolution that may either be first
dredge-up or the red clump. AM dredge-up may be at
work in the former case, while the latter may require an
external AM origin. Testing these two possibilities could
be accomplished with asteroseismic analysis of a rapidly
rotating RG to distinguish whether the He core is inert
or is an active region of nucleosynthesis.
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